The terrestrial optical wireless communication links have attracted significant research and commercial worldwide interest over the last few years due to the fact that they offer very high and secure data rate transmission with relatively low installation and operational costs, and without need of licensing. However, since the propagation path of the information signal, i.e., the laser beam, is the atmosphere, their effectivity affects the atmospheric conditions strongly in the specific area. Thus, system performance depends significantly on the rain, the fog, the hail, the atmospheric turbulence, etc. Due to the influence of these effects, it is necessary to study, theoretically and numerically, very carefully before the installation of such a communication system. In this work, we present exactly and accurately approximate mathematical expressions for the estimation of the average capacity and the outage probability performance metrics, as functions of the link's parameters, the transmitted power, the attenuation due to the fog, the ambient noise and the atmospheric turbulence phenomenon. The latter causes the scintillation effect, which results in random and fast fluctuations of the irradiance at the receiver's end. These fluctuations can be studied accurately with statistical methods. Thus, in this work, we use either the lognormal or the gamma-gamma distribution for weak or moderate to strong turbulence conditions, respectively. Moreover, using the derived mathematical expressions, we design, accomplish and present a computational tool for the estimation of these systems' performances, while also taking into account the parameter of the link and the atmospheric conditions. Furthermore, in order to increase the accuracy of the presented tool, for the cases where the obtained analytical mathematical expressions are complex, the performance results are verified with the numerical estimation of the appropriate integrals. Finally, using the derived mathematical expression and the presented computational tool, we present the corresponding numerical results, using common parameter values for realistic terrestrial free space optical communication systems.
Introduction
The optical wireless-or free space optical (FSO)-communication systems offer high bandwidth and secure access along with low installation and maintenance cost without needing any operational license. Thus, this technology attracts very significant research of experimental and commercial interest, especially in the last few years [1] [2] [3] [4] [5] [6] [7] [8] . However, the performance and the availability of terrestrial FSO links depends strongly on the atmospheric conditions in the area where the link is installed. More specifically, the fog, the rain, the hail, etc. affect significantly their effectivity,
Channel Model
We consider a point-to-point terrestrial FSO link, with additive white Gaussian noise (AWGN), in which the information signal, i.e., the laser beam, propagates along a horizontal path. The channel can be assumed that is stationary and ergodic and the statistical channel model is given as [29] : where y is the received signal, x is the modulated signal, i.e., takes the values "0" or "1", η is the detector's responsitivity, n is the AWGN with zero mean value and variance N 0 /2, whereas I is the normalized instantaneous irradiance on the receiver's side [20] . As mentioned above, the atmospheric turbulence effect affects significantly the performance of an FSO link due to the scintillation effect, which results in fast and large irradiance fluctuations on the receiver's end. Taking into account the atmospheric turbulence strength, the operational wavelength of the communication system and the link's length, the Rytov variance can be estimated, which is a parameter that measures the severity of intensity scintillation caused by the distributed atmospheric turbulence, i.e., the strength of the turbulence effect [34] . More specifically, the Rytov variance, σ 2 l , is given as [29, 35] :
where k = 2π/λ is the wave number, λ is the wavelength, L stands for the link length and C 2 n represents the refractive index structure parameter, and it is proportional to the atmospheric turbulence strength [36] . The Rytov variance represents the normalized irradiance variance or the scintillation index and characterizes the turbulence strength as follows [3, 37] :
(weak fluctuations) 0.3 < σ 2 l < 5 (moderate to strong fluctuations)
Taking into account that the irradiance fluctuations at the receiver of the FSO link, due to the scintillation effect, are studied with statistical models, and the main criterion for their choice is the atmospheric turbulence strength, the regions that appear in Equation (3) can be used. Thus, in this work, for the case of weak turbulence conditions, i.e., σ 2 l ≤ 0.3, the lognormal distribution model is used, while for values larger than 0.3 and up to 5, the turbulence strength can be assumed as moderate to strong and the gamma-gamma distribution is suitable.
The irradiance fluctuations at the receiver results in fluctuations in the dependent quantities. More specifically, the instantaneous electrical signal-to-noise ratio (SNR) at the receiver, γ, behaves as a random variable and is given as [36] :
while the expected electrical SNR on the receiver's side, µ, is given as [29, 31] :
where P r is the expected signal power at the receiver while N 0 is given as [32, 38, 39] :
with K B being the Boltzmann constant, T abs being the absolute system temperature, F n is the photodiode noise figure, R L the load resistor [36] , I D , is the dark current on photodetector [40] , RIN the relative intensity noise process and a typical value is −130 dB/Hz, and q e is the electron charge, whereas I ph = P r η is the average receiver photocurrent [31] . Furthermore, it should be mentioned here that another significant performance mitigation factor of the FSO link, is the background, or the ambient noise, and is caused by the background radiation, which is collected by the lens of the receiver of the optical system in addition to the information signal [4, [41] [42] [43] [44] [45] . In order to decrease its influence, optical filters of bandwidth B f , before the receiver's lens are usually used [45] . Thus, assuming that the background noise is Gaussian with spectral density N b , the total power of the ambient noise, which arrives at the receiver's input, is B f N b . The influence of the ambient noise at the total system's noise is given through [45] and Equation (6) and has the mathematical form:
where r = ω FOV /ω D , ω FOV represents the receiver's field of view while ω D stands for the solid angle subtended by the background source at the receiver [45] . For the estimation of the expected signal at the receiver's side, P r , taking into account the visibility at the area of the FSO link and losses due to the scintillation effect, using [2, 33, 46, 47] , we make a conclusion of the following expression:
where P T is the transmitted power, G T , G R are the gains of transmitter and receiver, respectively, which are computed from initial parameters [33] , D R and D T are the transmitter's and receiver's aperture, θ stands for the beam's divergence, a tot , represents the atmospheric attenuation that includes the fog phenomenon, a f , the rain, a r , the snow a sn , and the scintillation effect, a s , which affect significantly the performance of the FSO links while L m , stands for the miscellaneous losses of the system, as it is presented in [2, 4, 33, 46, 47] . More specifically, the attenuation parameter due to the fog is given through the Kim or the Kruse model depending on the effect's strength, and the atmospheric visibility V with sky droplets are set to τ TH = 5% [47] . Furthermore, the scintillation losses parameter in dB is given as: [47] . All of the above parameters are taken into account by our tool and some common values are presented in Table 1 . Thus, for the specific case, for negligible ambient noise using the suitable infrared filters [48] , from Equations (5)- (8) , the average electrical SNR at the receiver, as a function of the transmitted power, is given as:
while, for the case where the ambient noise cannot be assumed as negligible, from Equations (5), (6) and (8), the average electrical SNR is given as:
It should be mentioned here that, although the ambient noise represents a major interference source, especially in daytime hours, its influence can be minimized using specific infrared filters in front of the receiver's lens for common realistic FSO links [48] . Thus, for the computational tool that we present below, the influence of the ambient noise is considered negligible.
Lognormal Turbulence Model
The lognormal distribution is a suitable distribution model in order to emulate the irradiance fluctuations at the receiver's side due to the scintillation effect for the cases of weak turbulence conditions. The corresponding PDF for γ is given as [9, 29] :
where σ 2 is the variance for planar wave of the lognormal distribution that depends on the channel's characteristics and is given as [3, 27, 29] :
where
Gamma-Gamma Turbulence Model
Another very significant statistical distribution model, for the research area of the FSO link is the gamma-gamma, which has been proven to be very accurate at describing the irradiance fluctuations due to the scintillation effect for the cases of moderate to strong turbulence channels [14, 17, 31, 35] . Its PDF, as a function of γ is given as [17, 36] :
where Γ(.) represents the gamma function, K v is the modified Bessel function of the second kind of order v, and a, b are parameters which can be defined from the link's parameters and given through the expressions [35, 39] :
3. Performance of the FSO System
Outage Probability of the System
A very significant metric for the estimation of the availability of the optical communication system is the outage probability, P out . More specifically, this quantity represents the probability of the instantaneous SNR to fall below a critical threshold, γ th , which is set by the receiver's sensitivity limit [9, 27, 29, 30] :
From Equation (15) and using the expressions (10)- (12), we reach a conclusion of the following closed form mathematical expression for the estimation of the outage probability of the FSO link through the lognormal distribution model, as a function of the transmitted power and the attenuation parameters due to the fog and the scintillation effect:
Similarly as above, from Equation (15) and using the expressions (10), (13) and (14), the following closed mathematical expression is derived for the outage probability estimation of the FSO link, as a function of the transmitted power and the attenuation parameters due to the fog and the scintillation effect using the gamma-gamma distribution model:
where G m, n p, q [.] stands for the Meijer G-function [49] . In order to design and realize the scope of this work's computational tool, we implement the outage probability, especially for the gamma-gamma model case, with both, numerical and analytical ways (see Appendix A) for accuracy reasons due to the complexity of the Meijer Function [49] .
Average Channel Capacity
Another significant quantity that can be used for FSO's performance estimation is the average capacity of the optical channel. In practice, this metric represents the practical capacity, i.e., the maximum data rate, which can be supported by the optical channel under the specific circumstances. The average capacity C is given as [13, 36] :
where B stands for the system's bandwidth. From the average channel capacity mathematical expression [13, 28, 29] , and using Equation (11), we obtain the following accurate approximate expression, as a function of the transmitted power, the attenuation parameters, the fog and the scintillation effect:
where C = C /B and C 0 = exp −A 2 /8σ 2 /(2 ln(2)), while the eight a k parameters that are taken into account are given in [13, 29] .
Similarly to the previous case for weak turbulence conditions, for the case of moderate to strong turbulence, the average capacity is estimated through expression (18) , but, in this case, with the gamma-gamma statistical distribution model. Thus, from [3, 14, 36] , and using the expression (10), we reach a conclusion of the following closed form mathematical expression for the FSO's average capacity, as a function of the transmitted power and the the attenuation parameters due to the fog and the scintillation effect: 
Algorithm Structure for the Computational Tool
Here, we present the algorithm structure of the computational tool, which is the main scope of this work and evaluates the performance of an FSO link, as a function of the link parameters, the transmitted power and the attenuation due to the fog and scintillation effect, by means of the estimation of the outage probability and average capacity metrics. Moreover, here, we assume that the ambient noise, although, in general, is a significant mitigation factor for the system's performance, can have its influence be suppressed significantly using the suitable infrared filters. Thus, for the specific computational tool that we present below, we use the above derived Equations (16) and (17) for the outage probability estimation and Labels (19) and (20) for the average capacity, for weak or moderate to strong turbulence conditions, respectively, assuming that the ambient noise can be considered neglected [48] .
The entire tool has been designed on a Graphical User Interface (GUI) that is quite easy and user-friendly. Figure 1 presents a schematic diagram of the algorithm and the numerical tool and fully describes its operation while, in Figure 2 , the GUI is shown. The user must insert values for all of the initial parameters and then the calculations can be performed. 
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Analytical method {Meijer'G function} In Figure 1 , it is shown that the tool has a main function, the calculate function, which controls other functions to evaluate and present the results both numerically and graphically inside the loop until achieving the case L = "Link", i.e., "Link" representing the total link length, and estimating the SNR values for the current parameters for these conditions. Then, the code estimates the specific system performance metrics, i.e., outage probability and average capacity, for weak or moderate to strong turbulence conditions, using the lognormal or the gamma-gamma distribution, respectively. The obtained numerical results appear in new pop-up figures. To compute accurately the above-mentioned performance parameters, in the specific tool, we use both numerical and analytical methods (see Equations (16), (17), (19) and (20) and Appendix A), and obtained results are compared.
The transition point, which represents the upper limit of the weak turbulence regime, depends on the value of the Rytov parameter. More specifically, for σ 2 l smaller than the critical value "0.3", the turbulence strength is assumed to be weak and the lognormal distribution model and the corresponding mathematical expressions derived above are used. On the other hand, for σ 2 l larger than "0.3", the turbulence strength is assumed to be moderate or strong and the expressions obtained with the gamma-gamma distribution model are used. In all of the above-mentioned cases, the user of the computational tool should insert the link parameters and the attenuation strength.
Numerical Results
As mentioned above, the described computational tool performs calculations for the performance estimation of FSO links according to their operational parameters. Typical values for these parameters are given in Table 1 . However, it is worth mentioning here that any other parameter values can be used, in order to investigate the performance of each optical wireless communication system. Taking into account the fact that this tool not only uses the theoretical mathematical expressions presented above, but also the numerical estimation methods, it is clear that the specific performance metrics can be estimated accurately for almost any practical case. In Table 1 , we present some common values that have been inserted in the proposed computational tool. These values have been used as initial conditions as can be seen in Figure 2 . The way that the results are obtained is described analytically in the block diagram of the code in Figure 1 . More specifically, three values of the parameter C 2 n have been used, i.e., 7.8 × 10 −16 m −2/3 , 6.0 × 10 −15 m −2/3 , C 2 n = 20.0 × 10 −15 m −2/3 , for weak, moderate and strong turbulence conditions, respectively [36] , for link lengths up to 5 km. For these parameter values and contiguous to these, by using the specific computational tool, the following figures for the presented above performance metrics are obtained. Thus, in Figure 3a , the outage probability curves are presented for weak to strong turbulence strength and for the −30 dBm receiver's threshold. It is clear that for weak turbulence the optical system can work reliably even for link distances up to 3.5 km. In Figure 3b , we use a −40 dBm receiver threshold for similar C 2 n parameters for links up to 5 km. From the above figures, it is obvious that decreasing the receiver's threshold increases the availability of the system. In addition, for stronger atmospheric turbulence effects, the total effective link length falls below 1700 m. However, as mentioned above, the link parameters, such as visibility, attenuation, receiver's threshold, absolute temperature, detector responsivity, miscellaneous losses, etc., which appear in Table 1 , have been used in our computational tool and produce the specific results, are changed depending on the specific optical wireless link that is investigated. Thus, if both the link and environment parameters have been studied, the proposed computational tool can be easily and accurately used for the outage performance of the link and thus for the estimation of its reliability and availability. In Figure 4 , following the same procedure as in the case with the outage probability, it is clear that the capacity performance of the channel decreases significantly when turbulence strength is getting stronger. In addition to outage probability, this performance parameter has no change from decreasing the receiver's threshold, and thus has no dependence on this. However, it can been seen that the channel's capacity, due to the extremely large bandwidth of the optical channel, is high enough to support high fidelity communications, even for large attenuation values, strong atmospheric turbulence effect and long link lengths. Similarly as above, the curves of Figure 4 are only results that have been obtained with the proposed computational tool and, obviously, will change if the link and atmospheric parameters are altered. In Figure 4 , following the same procedure as in the case with the outage probability, it is clear that the capacity performance of the channel decreases significantly when turbulence strength is getting stronger. In addition to outage probability, this performance parameter has no change from decreasing the receiver's threshold, and thus has no dependence on this. However, it can been seen that the channel's capacity, due to the extremely large bandwidth of the optical channel, is high enough to support high fidelity communications, even for large attenuation values, strong atmospheric turbulence effect and long link lengths. Similarly as above, the curves of Figure 4 are only results that have been obtained with the proposed computational tool and, obviously, will change if the link and atmospheric parameters are altered.
Another very significant conclusion from Figures 3 and 4 is that the analytical and the numerical results for both performance quantities, i.e., outage probability and average capacity, are very close to each other. This remark confirms that the approximate or the exact mathematical Equations (16), (17), (19) and (20) , which have been presented above, are accurate enough to present in an FSO link in detail. Thus, the computational tool that we present here potentially could be used as an effective and accurate tool for design and implementation of FSO links and networks.
decreasing the receiver's threshold, and thus has no dependence on this. However, it can been seen that the channel's capacity, due to the extremely large bandwidth of the optical channel, is high enough to support high fidelity communications, even for large attenuation values, strong atmospheric turbulence effect and long link lengths. Similarly as above, the curves of Figure 4 are only results that have been obtained with the proposed computational tool and, obviously, will change if the link and atmospheric parameters are altered. Another very significant conclusion from Figures 3 and 4 is that the analytical and the numerical results for both performance quantities, i.e., outage probability and average capacity, are very close to each other. This remark confirms that the approximate or the exact mathematical Equations (16), (17), (19) and (20), which have been presented above, are accurate enough to present From the computational tool and Figures 3 and 4 , we also obtain accurate numerical results, which are included in Tables 2 and 3 . Tables 2 and 3 present the performance results for an FSO link with parameters shown in Table 1 . From the above results, we use the lognormal distribution that is used to simulate weak turbulence strength, i.e., Rytov variance smaller than 0.3. Under these conditions, the obtained results show maximum effective link value of about 3.45 km with availability above 99.9%, i.e., P out ∼ = 6.5 × 10 −4 . In addition, the normalized average capacity also has the maximum efficiency of 18.63 (b/s/Hz) for weak turbulence conditions at 5 km. For longer link lengths, the scintillation effect strongly affects the system's operation, and, thus, the lognormal distribution cannot give accurate results. For this reason, for moderate to strong turbulence conditions, i.e., σ 2 l > 0.3, we use the gamma-gamma distribution [1, 3, 21, 30] . Thus, from Figures 3 and 4 and Tables 2 and 3 , it is clear that when the turbulence strength increases, the system's performance decreases significantly. Due to complexity of the above derived mathematical expressions, for the case of gamma-gamma distribution (see Appendix A), the estimation of the average capacity and outage probability metric is attained from our tool with two methods. First, we evaluate the results from Equations (17) and (20) and by numerically integrating Equations (13) and (18), respectively. This procedure is followed in order to verify our results before the presentation of the final results. The worst turbulence case that we simulate was at 5 km with σ 2 l = 7.613 and the system's average capacity was 5.46 b/s/Hz with signal level SNR at 17.00 dB.
Conclusions
In this work, we studied an FSO link and we present approximate and exact mathematical expressions for the estimation of its performance by means of the evaluation of its average capacity and outage probability as functions of the transmitted power, the ambient noise and the attenuation parameters due to the propagation of the optical beam through the atmosphere. The obtained mathematical expressions have been derived for weak up to strong turbulence conditions, using the suitable statistical distribution models, i.e., the lognormal or the gamma, respectively, in order to describe accurately the resulting irradiance fluctuations. Based on the obtained mathematical expressions, we design and present in detail an accurate computational tool for the estimation of the performance of the FSO links, taking into account realistic values for its parameters, depending on the specific atmospheric conditions in the place where the FSO link will be installed. Moreover, this computational tool has been designed to estimate the performance results using both the theoretical expressions and the numerical evaluation. This way, the obtained performance results are estimated with two methods and the extracted computational results are verified. Thus, this computational application can be used for the performance estimation of an FSO link or even a more complex network architecture, with the necessary modifications. Finally, using the presented tool, we present numerical results for the average capacity and the outage probability of common FSO links, and we discuss their behavior for common parameter values for practical FSO links.
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Appendix A
The specific integral which is evaluated numerically, using the trapezoidal method, for the estimation of the outage probability for moderate to strong turbulence conditions, i.e., using the gamma-gamma distribution, is given as [27] : Below, we present the pseudo code for this part of our algorithm for the case of negligible ambient noise. For brevity, only the key steps are detailed.
